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SUMMARY 

T h i c k  f i l m s  o f  Y B a 2 C ~ 3 0 7 - ~  have been d e p o s i t e d  on  h i g h l y  p o l i s h e d  a lum ina  
s u b s t r a t e s  by t h e  screen p r i n t i n g  techn ique.  To o p t i m i z e  t h e  p o s t - p r i n t i n g  
h e a t  t r e a t m e n t ,  t h e  f i l m s  were baked a t  v a r i o u s  tempera tures  for  d i f f e r e n t  
l e n g t h s  o f  t i m e  and oxygen-annealed a t  a l ower  tempera tu re .  The r e s u l t i n g  

7 f i l m s  were c h a r a c t e r i z e d  by e l e c t r i c a l  r e s i s t i v i t y  measurements, x - ray  d i f f r a c -  
m t i o n ,  and o p t i c a l  and scann ing  e l e c t r o n  m ic roscopy .  P r o p e r t i e s  o f  t h e  f i l m s  
e w e r e  f ound  t o  be h i g h l y  s e n s i t i v e  t o  t h e  p o s t - p r i n t i n g  the rma l  t r e a t m e n t .  

F i l m s  baked f o r  15 min  a t  1000 "C i n  oxygen were ha rd ,  adheren t ,  near  s i n g l e  
phase, and superconduc t ing  w i t h  
90 p e r c e n t )  -10 K. 
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Tc(onset>  -96 K, Tc(ze ro )  -66 K and ATc(10 t o  

INTRODUCTION 

F i l m s  of  high-Tc p e r o v s k i t e  superconductors  ( r e f .  1 )  a r e  needed fo r  funda-  
mental  r e s e a r c h  and fo r  v a r i o u s  e n g i n e e r i n g  a p p l i c a t i o n s .  A v a r i e t y  o f  tech-  
n iques  have been employed f o r  t h e  d e p o s i t i o n  of t h i n  f i l m s  o f  these m a t e r i a l s .  
These i n c l u d e :  m o l e c u l a r  beam e p i t a x y  ( r e f s .  2 and 3 ) ,  e l e c t r o n  beam evapora- 
t i o n  ( r e f s .  4 and 51,  s p u t t e r i n g  ( r e f s .  6 t o  8), l a s e r  a b l a t i o n ,  ( r e f s .  9 and 
l o ) ,  s e q u e n t i a l  meta'l l a y e r  evapora t i on ,  ( r e f s .  1 1  and 121, m e t a l l o r g a n i c  chem- 
i c a l  vapor d e p o s i t i o n  ( r e f .  13> ,  and plasma s p r a y i n g  ( r e f s .  1 4  and 1 5 ) .  A l l  o f  
these methods r e q u i r e  q u i t e  s o p h i s t i c a t e d  f a c i l i t i e s .  F i l m s  have a l s o  been 
p repared  u s i n g  r e l a t i v e l y  s imp le  and i n e x p e n s i v e  techn iques  such as d i p  c o a t -  
i n g ,  s p i n n i n g ,  and s p r a y i n g  homogenous s o l u t i o n s  of i n o r g a n i c  me ta l  s a l t s  
( n i t r a t e s  ( r e f s .  16 and 1 7 )  o r  ace ta tes  ( r e f .  1 8 > ) ,  m e t a l l o r g a n i c s  (neodeca- 
noates  ( r e f .  19) or  2 - e t h y l  hexanoates ( r e f .  20)>, or napthenates  ( r e f .  2 1 ) .  
The s o l - g e l  approach has a l s o  been a p p l i e d  for t h e  d e p o s i t i o n  ( r e f s .  22 and 
23) of t h i c k  f i l m s .  

A s imp le  and p r o m i s i n g  techn ique f o r  d e p o s i t i n g  t h i c k  f i l m s  i s  
sc reen p r i n t i n g  ( r e f s .  24 and 2 5 ) .  An a d d i t i o n a l  advantage o f  t h i s  
over some o t h e r s  i s  t h a t  t h e  e l e c t r o n i c  and microwave c i r c u i t  p a t t e  
dev i ces  a r e  d i r e c t l y  p r i n t e d ,  t hus  a v o i d i n g  t h e  e t c h i n g  s t e p .  T h i s  
t i c u l a r  s i g n i f i c a n c e  i n  t h e  case of the  Y-Ba-Cu-0 superconductor  wh 
h i g h l y  r e a c t i v e  ( r e f .  2 6 )  w i t h  mo is tu re  and o t h e r  chemica ls .  

t h a t  o f  
met hod 
ns and 
i s  o f  par -  
ch i s  



I n  t h i s  paper, we r e p o r t  on  t h e  screen p r i n t i n g  o f  high-T, f i l m s  o f  
Y B a 2 C ~ 3 0 7 - ~  on alumina, a v e r y  w i d e l y  used and t e c h n o l o g i c a l l y  i n t e r e s t i n g  sub- 
s t r a t e  m a t e r i a l  i n  the e l e c t r o n i c  i n d u s t r y .  The o b j e c t i v e  of t h i s  work was t o  
o p t i m i z e  t h e  p o s t - p r i n t i n g  the rma l  t r e a t m e n t  i n  o r d e r  t o  o b t a i n  good supercon- 
d u c t i n g  f i l m s .  The f i l m s  were c h a r a c t e r i z e d  b y  x - ray  d i f f r a c t i o n  ( X R D ) ,  o p t i -  
c a l  and scann ing  e l e c t r o n  m ic roscopy  ( S E M ) ,  and r e s i s t i v i t y  
measurements. 

EXPERIMENTAL 

The superconduct ing  Y B a 2 C u ~ 0 7 - ~  powder was p repared  from Y2O3 (Mo lyco rp  
99.99 p e r c e n t ) ,  BaCO3 (ALFA t e c h n i c a l  g rade) ,  and CuO (ALFA ACS grade)  powders 
by  t h e  s o l i d  s t a t e  r e a c t i o n  method f o l l o w i n g  a p rocedure  wh ich  was e s s e n t i a l l y  
t h e  same as t h a t  desc r ibed  p r e v i o u s l y  ( r e f .  26 ) .  T h i s  powder was passed 
th rough  a 500 mesh screen and mixed t h o r o u g h l y  w i t h  an a p p r o p r i a t e  amount o f  
an o r g a n i c  v e h i c l e  to form a p a s t e  wh ich  was p r i n t e d  d i r e c t l y  on  h i g h  p u r i t y  
a lum ina  s u b s t r a t e s  ( s u p e r s t r a t e  996 from M a t e r i a l s  Research C o r p o r a t i o n )  
t h r o u g h  a 325 mesh s t a i n l e s s  s t e e l  or s i l k  sc reen .  The f i l m s  were oven-d r ied  
a t  300 t o  350 "C for  1 .5  t o  2 h r .  They were then  hea ted  a t  5 "C/min t o  t h e  
s i n t e r i n g  tempera ture ,  h e l d  for v a r i o u s  l e n g t h s  o f  t ime ,  c o o l e d  a t  3 "C/min t o  
450 " C ,  annea led  for  3 h r ,  and f i n a l l y  slow c o o l e d  t o  ambien t  t empera tu re .  
The comple te  s i n t e r i n g  and a n n e a l i n g  c y c l e  was c a r r i e d  o u t  i n  f l o w i n g  oxygen. 
To o p t i m i z e  t h e  p o s t - p r i n t i n g  h e a t  t r e a t m e n t ,  t h e  b a k i n g  tempera tu re  and t i m e  
were v a r i e d  from 900 t o  1000 "C,  and 5 min t o  4 h r ,  r e s p e c t i v e l y .  The f i l m  
t h i c k n e s s  was -30 t o  50 pm as de te rm ined  u s i n g  a s u r f a c e  p r o f i l e  measur ing  sys- 
t e m  (Dektak  11-D, S loan Technology C o r p o r a t i o n ) .  The f i l m s  f i r e d  a t  or above 
980 "C  were h a r d  and d i s p l a y e d  good adhes ion  t o  t h e  s u b s t r a t e .  

The phases p resen t  i n  t h e  baked f i l m s  were i d e n t i f i e d  from XRD measure- 
ments wh ich  were c a r r i e d  o u t  u s i n g  a P h i l l i p s  ADP-3600 automated d i f f r a c t o m e -  
t e r  equ ipped w i t h  a c r y s t a l  monochromator employ ing  CuKa r a d i a t i o n  i n  t h e  28 
range 10 to  80" .  The f i l m  m i c r o s t r u c t u r e  was observed i n  an o p t i c a l  m ic ro -  
scope and an SEM. R e s i s t i v i t y  and i t s  tempera ture  dependence were measured i n  
t h e  s t a n d a r d  fou r -p robe  c o n f i g u r a t i o n  down t o  l i q u i d  h e l i u m  tempera tu re .  S i l -  
v e r  p a i n t  was used to a t t a c h  t h e  l e a d s .  

RESULTS AND DISCUSSION 

The s i n t e r i n g  c o n d i t i o n s ,  p h y s i c a l  appearance, phases p r e s e n t ,  r e s i s t i v e  
t r a n s i t i o n  tempera ture ,  Tc ,  and t r a n s i t i o n  w i d t h  (10 t o  90 p e r c e n t ) ,  AT,, e t c .  
f o r  v a r i o u s  f i l m s  a r e  l i s t e d  i n  t a b l e  I. F i l m s  number 1 ,  2, 3, B4, and 87 had 
v e r y  poo r  adhesion and p e e l e d  o f f  from t h e  s u b s t r a t e  d u r i n g  r e s i s t i v i t y  mea- 
surements.  The tempera ture  dependence o f  r e s i s t i v i t y  f o r  some o f  t h e  f i l m s  
n o r m a l i z e d  t o  i t s  v a l u e  a t  100 K a r e  p resen ted  i n  f i g u r e  1 .  The r e s i s t a n c e  
i n c r e a s e s  w i t h  decrease i n  tempera tu re  ( semiconduc t ing  b e h a v i o r )  from room t e m -  
p e r a t u r e  t o  t h e  onset t empera tu re ,  T c ( o n s e t > ,  where a sharp  d rop  o c c u r s .  
number 6 wh ich  had been f i r e d  for 4 h r  a t  945 " C  had T c ( o n s e t )  -93 K ,  Tc (ze ro )  
-77 K, and 
s u b s t r a t e .  F i l m  number 88 which  was s i n t e r e d  a t  970 "C  f o r  1 h r  o n l y  became 
f u l l y  superconduct ing  a t  -45 K and number 86 o n l y  a t  -30 K .  F i l m s  number 85 
and B6 l o s t  90 pe rcen t  o f  t h e i r  r e s i s t i v i t y  by  76 and 58 K ,  r e s p e c t i v e l y ,  b u t  
d i d  n o t  become f u l l y  superconduc t ing  even a t  4 K.  R e s i s t i v i t y  measurements on  
f i l m  number 8 w e r e  n o t  c a r r i e d  o u t  be low 77 K and t h e  r e s i s t a n c e  of f i l m  

F i l m  

A T c  (10 t o  90 p e r c e n t )  -6 K b u t  had v e r y  poo r  adhes ion  w i t h  t h e  



number 83 d i d  n o t  become z e r o  even i n  l i q u i d  h e l i u m .  O n l y  those  f i l m s  f i r e d  
a t  1000 "C d i s p l a y e d  e x c e l l e n t  adhesion w i t h  t h e  s u b s t r a t e .  The tempera tu re  
dependences o f  t h e i r  n o r m a l i z e d  r e s i s t i v i t y  a r e  d e p i c t e d  i n  f i g u r e  2 .  F i l m  
number 4, f i r e d  for  30 min,  had some g r e e n i s h  r e g i o n s  whereas t h e  o t h e r  two 
f i l m s  (number B1 and 5 )  were e n t i r e l y  b l a c k .  V a r i o u s  c h a r a c t e r i s t i c s  o f  these  
f i l m s  a r e  l i s t e d  i n  t a b l e  I. From these r e s u l t s  t h e  optimum f i r i n g  tempera tu re  
and t i m e  a r e  found t o  be 1000 "C and 15 min,  r e s p e c t i v e l y .  F i l m  number 5 
which was baked under these  c o n d i t i o n s  d i s p l a y e d  t h e  b e s t  c h a r a c t e r i s t i c s  w i t h  
Tc (onse t )  = 96 K ,  T c ( z e r o >  = 66 K ,  and F i l m s  f i r e d  f o r  s h o r t e r  or 
l o n g e r  t imes a t  1000 " C  were o f  poorer  q u a l i t y .  The l a r g e  t r a n s i t i o n  w i d t h s  o f  
those f i r e d  fo r  l o n g e r  t i m e s  may be due t o  t h e  i n t e r d i f f u s i o n  o f  aluminum i n t o  
t h e  superconduc t ing  f i l m ,  as r e p o r t e d  by o t h e r  r e s e a r c h e r s  ( r e f s .  5 and 16 ) .  
A lumina i s  r e p o r t e d  ( r e f .  27) t o  have a l i m i t e d  s o l u b i l i t y  i n  YBa2Cu307 b u t  
c h e m i c a l l y  decomposes i t .  The Tc  o f  t h e  un reac ted  YBa2Cu307 phase remain  
unchanged b u t  t h e  A T c  becomes l a r g e  p r o b a b l y  due t o  i m p u r i t i e s  from t h e  
decompos i t i on  p r o d u c t s .  

ATc  = 10 K .  

Some o f  t i l e  f i l m s  were observed i n  t h e  o p t i c a l  m ic roscope.  The g r i d  p a t -  
t e r n  o f  t h e  p r i n t i n g  sc reen  was v i s i b l e  i n  82, f i r e d  f o r  5 m in  a t  990 "C.  
F i l m  f i r e d  f o r  15 min  a t  1000 "C was smooth as shown i n  o p t i c a l  m ic rog raphs  i n  
f i g u r e  3. SEM mic rographs  o f  some o f  t h e  f i l m s  a r e  p r e s e n t e d  i n  f i g u r e  4 .  

F i g u r e  5 shows t h e  XRD p a t t e r n s  o f  some o f  t h e  f i l m s .  I n  f i g u r e  6 ,  t h e  
XRD p r o f i l e s  o f  f i l m s  f i r e d  a t  1000 "C f o r  5 and 15 m in  a r e  compared w i t h  
those  f o r  a b u l k  Y B a 2 C ~ 3 0 7 - ~  sample. A l l  t h e  d i f f r a c t i o n  l i n e s  o f  t h e  perov-  
s k i t e  superconduc t ing  phase a r e  p resen t  i n  t h e  f i l m s .  The most p rominen t  
l i n e s  f o r  Y2BaCuOg a t  d = 2.989, 2.923, 2.8248, a r e  a l s o  p r e s e n t  i n  some o f  
t h e  f i l m s .  However, t h e  i n t e n s i t i e s  o f  these peaks, l a b e l l e d  as Y ,  a r e  v e r y  
weak. These r e s u l t s  i n d i c a t e  t h a t  the  f i l m s  p repared  i n  t h e  p r e s e n t  s t u d y  con- 
s i s t  o f  s i n g l e  phase m a t e r i a l  a l o n g  w i t h  smal l  c o n c e n t r a t i o n s  o f  i m p u r i t i e s .  

Koinuma e t  a l .  ( r e f .  25) w e r e  n o t  success fu l  i n  t h e  p r e p a r a t i o n  o f  super-  
c o n d u c t i n g  Yb-Ba-Cu-0 f i l m s  on  alumina s u b s t r a t e s  by  screen p r i n t i n g .  Budhani 
e t  a l .  ( r e f .  24) d i d  o b t a i n  superconduct ing  Y-Ba-Cu-0 f i l m s  on  s a p p h i r e  and 
a lum ina  s u b s t r a t e s  b y  screen p r i n t i n g  and b a k i n g  f o r  30 m in  a t  1000 "C i n  oxy- 
gen wh ich  r e s u l t e d  i n  phase s e p a r a t i o n .  BaCu02, Y2Cu205, and Y B a 2 C ~ 3 0 7 - ~  
phases were r e p o r t e d  t o  be p r e s e n t  i n  t h e i r  m u l t i p h a s e  f i l m s .  I n  c o n t r a s t ,  t h e  
f i l m s  f a b r i c a t e d  i n  t h e  p r e s e n t  study c o n t a i n e d  n e a r l y  s i n g l e  phase m a t e r i a l .  
The ( c o n s i d e r a b l e )  e f f e c t  o f  s u b s t r a t e  m a t e r i a l  on  t h e  c h a r a c t e r i s t i c s  o f  t h e  
f i l m s  i s  b e i n g  i n v e s t i g a t e d  and w i l l  be r e p o r t e d  e lsewhere .  

I n  c o n c l u s i o n ,  we have demonstrated t h a t  n e a r l y  s i n g l e  phase high-Tc 
superconduc t ing  f i l m s  can be f a b r i c a t e d  u s i n g  a s i m p l e  screen p r i n t i n g  tech -  
n i q u e .  The f i l m  p r o p e r t i e s  a r e  s t r o n g l y  dependent on  t h e  p o s t - p r i n t i n g  the rma l  
t r e a t m e n t .  Optimum b a k i n g  c o n d i t i o n  as judged by  f i l m  adherence and t r a n s i t i o n  
tempera tu re  was found t o  be 1000 " C  f o r  1 5  min  i n  f l o w i n g  oxygen. However, 
f i l m s  w i t h  h i g h e r  T c ( z e r o > ,  b u t  poor adhes ion  w e r e  formed a t  945 " C .  
t echn iques  for i m p r o v i n g  f i l m  adhesion a t  lower f i r i n g  tempera tures  need t o  be 
i nves t i ga ted .  

Thus 
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FIRED UNDER DIFFERENT CONDITIONS, AND OXYGEN ANNEALED AT 450 "C FOR 3 HR 

F i  l m  
number 
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2 
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3 
7 

B- 7 
8-8 
8-4 
B- 5 
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8-2 
8- 3 
8- 1 
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Temperature, 
"C 
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920 
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9 60 
970 
970 
980 
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980 
980 
990 
990 
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2 h r  
4 h r  
1 hr  
2 h r  

0 . 5  h r  
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15 min 
30 min 
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5 min 

15 m in  
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~ ~ _ _ _  

Onset 

-- 
-- 
93 

95 

95 
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93 
92 
92 
93 
94 
96 
93 

-- 
-- 
-- 

s u b s t r a t e  d u r i n g  

M i  dpo i  n t  Ze ro  

AT,(K), 
10 t o  90 
p e r c e n t  

Adhesion 

Very  poo r *  
Very p o o r *  

Poor 
Poor * 
Poor 
Poor * 
Poor 

Very  poo r *  
F a i r  
F a i r  
Good 
F a i r  
Good 

Excel  l e n t  
Exce l  l e n t  
Excel  l e n t  

* e s i s t i v i  t y  measurements. 
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FIGURE 1. - TEMPERATURE DEPENDENCE OF ELECTRICAL RESISTIVITY OF YBa2Cu307-x 
FILMS SCREEN PRINTED ON ALUMINA SUBSTRATES AND FIRED AT THE INDICATED 
TEWERATURES AND T I E S .  
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FIGURE 2 .  - ELECTRICAL RESISTIVITY VERSUS TEMPERATURE CURVES FOR YBa2CU307-x 
FILMS ON ALUMINA SUBSTRATES SINTERED AT 1000 OC FOR VARIOUS T I N S  I N  
FLOWING OXYGEN. 
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( a )  990 OC. 5 MIN. ( b )  1000 OC. 15 M l N .  

FIGURE 3. - OPTICAL MICROGRAPHS OF YBa2Cu307-x F ILMS ON ALUMINA SUBSTRATES BAKED 
I N  OXYGEN. 

( a )  980 "C, 1 hr .  

( C )  lo00 OC. 15 M l N .  ( d )  loo0 OC. 30 MIN.  

FIGURE 4 .  - SCANNING ELECTRON MICROGRAPHS OF YBa2Cu307_x F ILMS SCREEN PRINTED ON 
ALUMINA SUBSTRATES AND FIRED I N  OXYGEN. 
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FIGURE 5. - X-RAY DIFFRACTION SPECTRA OF YBa2Cuj07-x FILMS SCREEN 
PRINTED ON ALUMINA SUBSTRATES AND BAKED AT THE INDICATED T W E R -  
ATURES AND TIMES. 
DUCTING PEROVSKITE PHASE. 

THE UNLABELLED PEAKS ARE FOR THE SUPERCON- 

I I , ( a )  BULK POWDER 

( C )  15 HIN (#5) 

10 2 4  38 52 66 80 
2 0, DEG CD-88-32143 

FIGURE 6, - X-RAY DIFFRACTOGRAMS OF YBa2Cu307-x (a )  BULK POWDER, 
AND FILMS SCREEN PRINTED ON ALUMINA SUBSTRATES AND FIRED AT 
lo00 OC FOR (b) 5 AND (C) 15 HIN I N  OXYGEN. 
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